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conditions.

Ni catalysts were tested in the synthesis of multi-wall carbon nanotubes (MWCNTSs) by catalytic
decomposition of methane at low temperature. The selectivity of MWCNTs formation was determined
using transmission electron microscopy (TEM). The catalytic performance of the supported-Ni catalysts
obtained by perovskite reduction was discussed based on the X-ray diffraction (XRD), TEM and scanning
electronic microscopy (SEM) results. The characteristics of the nanotubes obtained by decomposition of
methane were mainly dependent on the homogeneity of nickel particles and less on the reaction
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1. Introduction

In 1993, the catalytic approach for multi-wall carbon nano-
tubes (MWCNTSs) formation was used for the first time by
Yacaman et al. [1] and this method can be scaled up easily to
industrial production. However, the carbon nanotubes formed by
CVD-process, through the catalytic decomposition of carbon
containing gas, have larger diameters and wide size distribution
than those produced by the high temperature methods [2,3].
Nevertheless, the structure of the nanotubes formed in CVD-
process is well crystallized and many works are actually focused
on the production of aligned MWCNTSs by CVD [4]. The catalytic
decomposition of CHy is a sensitive reaction to the changes in the
reactional procedure and allows obtaining the carbon nanotubes
only when the catalyst is perfectly adapted, i.e. with a narrow
metal particles size distribution [5].

The metal particles size seems to be the key parameter in the
MWCNTSs formation. The undertaken studies on carbon nanotubes
production show the correlation between the tubes diameter and
active nanoparticles size [6]. That is why it is very important to
prepare the catalyst with homogeneous metal particles sizes. The
nickel nanoparticles size is determined by the nucleation and the
growth which strongly depend on the temperature [7,8] and
nature of the reducing gases [9,10]. In the case of the perovskite
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LaNiO; which contains a reducible element (Ni"™), the controlled

reduction under H, led to the catalyst formation of Ni° metallic
crystallites deposited on lanthanum oxide. The size of the formed
crystallites during the reduction depends on the structure and
texture of perovskite [11]. The selectivity and the yield of the
reaction are closely related to the catalyst resistance to sintering in
CVD-process.

On the other hand, the production of carbon nanotubes on the
heterogeneous deposit in form of nanotubes and/or amorphous
carbon mixture is related to the reactional conditions, i.e.
temperature, time of the reaction but also to the selected carbon
source [12]. The most frequently used sources of carbon for
MWCNTs production are CH4 [13,14], CH;, [15], CoHy [16,17],
alcohols [18], and aromatics [19,20]. The temperatures for the
MWCNTs synthesis by CVD under CH4 are generally between 650
and 900 °C [21-23].

The aim of this paper is to present the study of the selectivity
to MWCNTs formation on the unique phase of LaNiOs as a function of
three parameters: temperature, time of reduction and CH4/H; ratio.

2. Experimental
2.1. Preparation of the precursor

The perovskite is synthesized by the resin method from
Ni(OOCCH3),-4H,0 and La;0Os (Eq. (1) in solution and Eq. (2)
during the calcination). The used solvent was propionic acid. A
detailed description is presented in the previous publication [24].
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The perovskite structure is formed during the heat treatment at
900°Cof 4h

Lay05 + 2Ni(OOCCH3),-4H,0 + 10CH;CH,COOH
— 2La(CH3CH,CO0); + 2Ni(CH3CH,CO0),
+7H,0 + 4CH;COOH (1)

2La(CH3CH,C00)3 + 2Ni(CH3CH,C00), +35.50, + A
— 2LaNiOs +30C0, + 25H,0 2)

2.2. Preparation of the Ni catalysts

The perovskite is reduced to give the catalysts. To ensure a total
reduction of nickel included in LaNiOs, we choose to carry out the
reduction under hydrogen at the temperature close to 600 °C with
a heating step under He of 15 °C/min and when the temperature is
obtained the H; (2 ml/min) is introduced. This should allow the
decreasing of the contact time of the perovskite structure with
reducing gas in order to obtain small size nickel particles.

2.3. Description of the test conditions

When the perovskite is reduced, the CH4 is added to the gas
mixture. The H, flow is maintained during CVD-process to the
same flux as for the reduction. The set-up is a standard fixed-bed
continuous flow catalytic reactor.

Seven alternatives of operational protocol have been tested as
presented in Table 1 in order to determine the catalyst effective-
ness in the selective MWCNTs formation. According to the
literature, the MWCNTSs synthesis could be carried out under a
gas mixture CHy4/H, with volume ratios from 3 to 20 [25-27].
Initially CH4/H> ratio was equal to 1.5 and later was increased to
2.5 and 4.4. In the same way, the temperature and the time of
reduction and reaction have been changed for the various tests.

The efficiency of the catalysts was reported in terms of methane
conversions and percentage of carbon deposition. The percentage
of carbon deposition is defined as follows:

Carbon deposition (%)

weight of carbon deposed on the catalyst

=100 x weight of Ni portion of the catalyst

The product gases were analyzed using an on-line gas mass
spectrometer.

2.4. Techniques of characterization

e The Ni/La ratio for the perovskite was analyzed by elemental
analysis, the distribution of particles by transmission electron

microscopy (TOPCON EM-002B) and its texture by scanning
electronic microscopy (SEM) (JEOL JMS 840). The adopted EDX
method analysis [28], permits a global analyses of sample zones
at about 200 nm and the local analyses at around 14 nm. These
analyses when carried out in different places of the sample allow
the verification of its homogeneity. For the solid LaNiOs, the
detected elements are O, Ni and La.

e The reduction of the perovskite is made under hydrogen. To
quantify the amount of reducible nickel, we have followed the
reducibility of the catalyst by temperature-programmed reduc-
tion (TPR) performed on 200 mg of catalyst placed in a U-shaped
quartz tube (6.6 mm i.d.). The reductive gas mixture, H;
(0.121h7") diluted in Ar (31h™"), passes through the reactor
which is heated from room temperature to 950 °C with a slope of
15 °C min~! and then maintained at 950 °C until the end of H,
consumption according to the baseline return. A thermal
conductivity detector (TCD) was used for the quantitative
determination of hydrogen consumption. After the TPR, the
formed phases are controlled by X-ray diffraction (XRD).

o X-ray diffraction patterns of the perovskite and catalysts were
measured by Bruker D-8 diffractometer, using Cu Ka radiation.
Intensity was measured by step scanning in the 26 range of 20-
90° with a step of 0.02° and a step time of 2 s. The average Ni° size
was obtained by the Scherrer equation based on the half-width of
diffraction lines assigned to Ni (11 1).

o After each test, the crystallite size of nickel and the deposited
carbons were analyzed by transmission electron microscopy
(TEM).

e The quality of the obtained carbon nanotubes are quantified as
well by the thermogravimetric analysis (TGA, SETARAM 92-12).
The experiment consists in observation of the change of initial
mass (approximately 5 mg), gain or loss, as a function of
heating in oxidative atmosphere (synthetic air 10 ml min~! + He
10 ml min~").

3. Results and discussion
3.1. Characterization of the precursor

XRD analysis (Fig. 1) shows that the synthesized solid is
characterized only by one phase—the rhombohedric LaNiO3
perovskite perfectly crystallized (JCPDS No. 01-079-2451). The
average crystallite size of the perovskite, according to the Debye-
Scherrer’s equation [29] is equal to 18.5 nm.

The LaNiOs texture was analyzed by the scanning electronic
microscopy (Fig. 2a and b). The texture is very homogeneous for
the whole sample. The grains size is located between 50 and

Table 1

Operating conditions for the seven catalytic tests of LaNiO3

Test Operating conditions

First test Reduction temperature H,, 600 °C; reduction time H,, 30 min; reaction temperature CH4—H,, 600 °C; reaction time CH4-H,, 20 min;

CHy4/H, ratio=1.5
Series 1 Rea 40
CHy4/H, ratio = 1.5
Series 1 Rea 60
CH4/H, ratio=1.5
Series 1 Rea 120
CHy4/H, ratio=1.5
Series 1 Rea 240
CH4/H, ratio=1.5
Series 2 Ratio 2.5
CHy4/H, ratio = 2.5
Series 2 Ratio 4.4
CHy4/H, ratio = 4.4

Reduction temperature Ho, 580 °C; reduction time H,, 15 min; reaction temperature CH,-Hs, 580 °C; reaction time CH4-H>, 40 min;
Reduction temperature H,, 580 °C; reduction time H,, 15 min; reaction temperature CH4—H,, 580 °C; reaction time CH4—H,, 60 min;
Reduction temperature H,, 580 °C; reduction time H;, 15 min; reaction temperature CH4—H, 560 °C; reaction time CH4-H,, 120 min;
Reduction temperature Hs, 580 °C; reduction time H;, 15 min; reaction temperature CH;—H,, 580 °C; reaction time CH4-Hs, 240 min;
Reduction temperature H,, 580 °C; reduction time Hj, 15 min; reaction temperature CH4—Hj, 580 °C; reaction time CH4-Hj, 120 min;

Reduction temperature H, 580 °C; reduction time H,, 15 min; reaction temperature CH4-Hs, 580 °C; reaction time CH4-H>, 40 min;
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Fig. 1. XRD of LaNiOj3 treated at 900 °C. ([1) LaNiO3 rhombohedric.

150 nm. It seems that three to seven diffracting crystallites of
18 nm are forming a particle. The BET of this sample is lower than
5m? g~! which favors the aggregation of particles.

According to the atomic adsorption, the La/Ni ratio is equal to
1. An analysis of lanthanum and nickel atoms distribution was
verified on nanometric scale by X-ray spectroscopy with
dispersion of energy (EDX) coupled with the high-resolution
transmission microscope. No matter the zones global or local the
La/Ni atomic ratio is constant which proves the high homo-
geneity on nanometric level (Fig. 3). The difference in the values
for the both analyses does not exceed 1.5-2.5% and can be
concluded that the obtained samples posses a very homogeneous
structure.

3.2. Reduction of the precursor

H,-TPR analysis confirms the existence of only one oxidation
state of nickel in the perovskite structure—Ni" (Fig. 4) [24].

The XR diffractograms of the samples made after the partial
reduction of the perovskite (first peak in TPR) and after the
complete reduction (second peak) confirm the formation of the
phases: La;NiOs and Ni and La,0s, respectively. The two
peaks correspond to the reduction of Ni'™* to Ni'™ and then of
Ni™ to Ni°. After reduction the nickel nanoparticles deposited on
La,03 represents the active phase of the catalyst for MWCNTSs
production. The metal crystallites diameter obtained after H-TPR
and calculated by the Scherrer-Debye’s equation was estimated
to 12 nm. This size represents the average of all diameters

Hla

ONi

atomic percentag
SSSSSSSSS

Analysis numbers

Fig. 3. EDX analysis, distribution of Ni and La atoms in LaNiO3 after treatment at
900 °C. No. 1, global analysis zone of 200 nm; the other local analyses zones of
14 nm.

observed for the reduced nickel particles formed under H
reduction. The TEM analysis after H,-TPR shows clearly the
dispersion of the metal particles and its size after the reduction
reaction (figure not presented). In fact, the sizes of nickel particles
are various; the largest and less abundant particles have a
diameter close to 33 nm. The most important part of reduced
nickel particles adopts a size of approximately 16 nm. The last
group of particles is formed by the entities smaller than 8 nm. The
TEM data confirms the values calculated by the average diameter
obtained by XRD.

One can conclude that the LaNiOs calcined at 900 °C has perfect
crystallinity and the composition is homogeneous as well in the
macroscopic as in microscopic scale.

3.3. Description of CVD-CH, tests

The first test was carried out entirely at 600 °C—to have the full
reduction of perovskite precursor to Ni for 30 min of reduction.
Then in order to control the nickel crystallite size the temperature
of reduction as well as the temperature of the reaction was
decreased. For all further tests the time of reduction under H, was
shortened to 15 min and reaction temperature of 560 °C. According
to Cui et al. [30] this temperature is sufficient for CH4 activation.

Two series of tests are made, the increase of the reaction time
from 40 through 120 to 240 min and on the other hand, the
increase in CH4/H; volume ratio from 1.5 through 2.5 to 4.4. This
increase theoretically will keep the high yield of tubes despite of
the increasing the time of reaction. With the increase of CH, flow,

(b)
I

Fig. 2. SEM images of LaNiOs; treated at 900 °C: (a) with an enlargement of 50.000 in mode SEI and (b) with an enlargement of 100.000 in mode SEL
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Fig. 4. H,-TPR profile of LaNiO5 treated at 900 °C.

the He flow was decreased in order to preserve the same total gas
flow, at 40 ml/min.

3.4. Characterizations of deposited carbons

All the samples were analyzed post-MWCNTSs synthesis by XRD,
TEM and SEM. TEM images (Fig. 5) confirm that the majority of the
carbonaceous deposit formed during the reaction was constituted
by nanotubes. The observation of the images indicates that the
amorphous carbon is present also but constitutes a small part of
the carbonaceous deposit.

According to Pérez-Cabero et al. [31], the term “carbon
nanotubes” is referring to the filamentous carbons with a center
channel or a hollow core. In this paper, we adopted the definitions
and confirm the MWCNTs formation. The external and internal
diameters of MWCNTs were measured by means of TEM images
(Fig. 5) and their lengths were estimated by means of SEM images
in the areas with low density of tubes (Fig. 6). The distribution of

(a) (b)

Table 2
Characterizations of the main distribution of MWCNTSs obtained on LaNiOs treated
at 900 °C after the CVD tests

Test Internal tubes Thickness of
diameter (nm) walls (nm)
First test 6 1-4.5
Series 1 Rea 40 5.5-6 1-4.75
Series 1 Rea 60 5.5-6 2.25-4.5
Series 1 Rea 120 5.5-6 2.25-4.5
Series 1 Rea 240 6 2-45
Series 2 Ratio 2.5 3-5.5 1.25-6
Series 2 Ratio 4.4 5.5-6 2.25-4.5

the tubes as a function of their external and internal diameters is
given in Table 2.

The size of nickel crystallites obtained during the tests seems to
depend only on the structure of the precursor. In all operating
conditions, the metal particles size given by XRD varies between 13
and 14 nm. Neither the decrease in the temperature (600, 580 or
560 °C), nor the changes on the reduction time (30-15 min) or the
reaction time (from 20 to 240 min) influences the size of Ni
particles. The same is observed after the modifications of CH4/H>
volume ratio (from 1.5 to 4.4), which indicates that the metal
particles size is primary related to the reduction step. To explain
that no nickel sintering is visible, we proposed that the formation
of tubes embryos is very fast and its presence limits the contact on
the nickel particles staying the size obtained after the reduction
under H,. This is the case for all the tests made except for the ratio
CH4/H; equal to 4.4.

The carbon nanotubes diameter distribution can be directly
related to the nickel particles size [32]. The calculation of Ni®
particles size by XRD is precise only if the distribution of sizes is
narrow. Only the transmission electron microscopy makes possible
to establish the exact profile of particle size. However, when the

(c) (d)

Fig. 5. TEM of LaNiOs treated at 900 °C with an enlargement of 20.000: (a) after first test; (b) after series 1 rea 40; (c) after series 1 rea 60; (d) after series 1 rea 120; (e) after

series 1 rea 240; (f) after series 2 ratio 2.5; (g) after series 2 ratio 4.4.
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Fig. 6. TEM of LaNiOs treated at 900 °C in mode SEI: (a) after first test with an enlargement of 100.000; (b) after series 1 rea 40(10.000); (c) after series 1 rea 60 (10.000); (d)
after series 1 rea 120 (10.000); (e) after series 1 rea 240; (f) after series 2 ratio 2.5 (5.000); (g) after series 2 ratio 4.4 with an enlargement of (100.000).

nanotubes are present on the surface, the nickel particles are not
visible on TEM micrographs and it is the tubes diameter which
could allow the confirmation of the average nickel particles size.
The TEM profiles of the tubes for all different tests are presented in
Fig. 7 and can be used for calculation of the nickel particle size.
For the reactions carried out with different volume ratios CH,4/
H, of 1.5 and 2.5 the nickel particles size distributions are constant.
The average size of 13 nm given by XRD seems to be justified very
well with the majority of particles measured from all the tests at
around 10-15 nm. It changes significantly for CH4/H, volume ratio
of 4.4 and two groups of nanotubes sizes were observed. The first
characterized by average nanotubes diameter between 8 and
15 nm and the second group with larger diameter (16-30 nm, not
presented in Table 2). The TEM profile describes better than XRD
the influence of CH4/H> ratio on the particles size (Fig. 7, no. 7). The
decrease of the reduction time during CVD-process minimizes the
sintering of the metal particles and leads to very narrow
distribution (8-15 nm). The same result was obtained for the
tests with 15 min reduction time and 40 min methane decom-
position (Fig. 7, no. 2). The longer reaction time when duration of
the reduction is the same leads to the weak sintering of nickel
particles and indicate that the formation of the nanosized Ni
particles is strongly related to the reduction of the perovskite
under H,. When CHy4/H, ratio remains inferior or equal to 2.5 the
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Fig. 7. Distribution of Ni® size after catalytic tests on LaNiO3 according to the TEM
results.

perovskite generates the Ni® particles with the same size. One
could note the strong evolution in favour to the creation of larger
aggregates during the test with CH4/H, ratio equal to 4.4. This
difference is not connected to the reduction step which does not
change. The particles sintering thus takes place during the reaction
of decomposition of methane. Just after the reduction, the size
distribution must be close to one of the shorter test distribution
presented in Fig. 7, no. 2 (40 min reaction). Some Ni° crystallites
(50%) keep their initial size from approximately 8 to 15 nm. Other
group of particles (48%) forms aggregates rather important in sizes
(16-30 nm) according to the way presented in Fig. 8. In this case,
the metal phase sintering occurs before the appearance of the
tubes embryos and leads to the aggregation of several nickel
particles resulting in thicker carbon nanotubes thereafter.

However, independently of the test time and CH4/H, volume
ratio inferior or equal to 2.5, the C, rate of carbon diffusion through
the metal particles and its precipitation thereafter are sufficiently
fast so that the “nanoparticle - nanotube” assemblies formed in the
nucleation step can isolate the nickel particles by carbon nanotube
what prevents sintering of metallic nickel. This way one could
claim that the fast nucleation is benefit to keep the small size of Ni°
obtained during the reduction under H,.

It was already reported that CH4, decomposition depends on the
degree of crystallization, the crystallite size and the morphology of
the metal particles [33]. A reduction of the activity according to the
increasing diameter during the test was already observed by other
authors [34]. So, there exists an optimal size of the active phase
particles for the CH4 decomposition and for the formation of tubes.
The different nickel particles sizes could result in various crystal-
lized carbon forms. For the formation of carbon nanofibres the
optimal size varies from 10 to 60 nm [35], 30 to 70 nm [36] or
34 nm [37] according to the operating conditions. In our case the
optimal size of nickel crystallites for carbon nanotubes under the
proposed operating conditions lies between 10 and 15 nm. This
interval of metal crystallites size leads to the highest carbon
nanotubes yield. In fact, whatever the operating conditions are the
carbon nanotubes distribution is similar with an external diameter
for the majority of approximately 10-15 nm.

However, few nickel particles of very important size (100 nm)
are present. They are not considered in the size distributions
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Fig. 8. Model of nickel particles recombination under the influence of the CH,.

because of their marginal quantity. These large particles are not
able to produce carbon nanotubes and they are not active in CHy
decomposition. In fact, the activation energy for CH4 catalytic
decomposition increases with the Ni° particles size [35]. The big
particles lead only to partial decomposition of methane which
produces different carbonaceous species CH;*~, CH,*2~, CH*3".
These carbons containing fragments react one to another resulting
in amorphous carbon deposition.

The prolongation of the reaction time had a significant influence
on carbon nanotubes yield as presented in Table 3.

When the time of the synthesis increases from 60 min at
600°C to 240 min test at lower temperature of 560 °C the
yield increases twice. In the same way, the increase of CH4/H;
volume ratio and reduction of the reaction time also results
in a good yield but the obtained carbon nanotubes are less
structured.

The quality of the obtained carbon nanotubes obtained after
test series 2 ratio 2.5, are tested as well by the thermogravimetric
analysis (TGA) as presented in Fig. 9.

The total mass loss of this sample is about 3 mg. Initially,
between the temperatures of 75 and 305 °C, two light gain of mass
were observed. It is related to the nickel oxidation in NiO. In the
high temperature zone (from 400 to 740 °C) an important loss of
mass is visible. These temperatures correspond to the structured
carbon combustion. The curve of the mass loss is not homo-
geneous; a weak break of the slope is visible between 670 and
740 °C. This change was not related to the combustion of different
carbonaceous phases but to the slow oxygen diffusion which
postpones the oxidation of all carbon species at the same time. This
is rather expected if we take into account the important density of
the carbonaceous deposit seen by SEM analysis. The XRD analysis
confirms that after thermogravimetric analysis, a pure structure of

Table 3

Characterization of MWCNTs obtained on LaNiOs treated at 900 °C after the CVD
tests, carbon yield of the catalytic tests and average length of tubes given by analysis
SEM

Test Carbon yield of the Average length
catalytic tests (%) of tubes

First test - 300-500 nm
Series 1 Rea 40 - 3-7 pm
Series 1 Rea 60 5 7-10 pm
Series 1 Rea 120 11 10-15 pm
Series 1 Rea 240 35 15-20 pwm
Series 2 Ratio 2.5 37 0.5-2 pm
Series 2 Ratio 4.4 - 300-400 nm

initial perovskite was received, phenomenon already mentioned in
the literature [38].

Taking into consideration the reactions series 1 rea 240 (CH4/H;
ratio equal to 1.5 and 240 min test duration) and series 2 ratio 2.5
(CH4/H; ratio equal to 2.5 and 120 min duration) which have
respectively the same yield of carbon nanotubes —35% and 37%.
One can realize that for the same quantity of methane (total
quantity of CHy at around 3 x 10~2 mol) supplied in shorter time,
the carbon nanotubes yield remains constant.

The increase of the yield for the series of tests with a CH4/H, ratio
1.5 is primarily related to the formation of longer tubes contrary to
the yield of the CVD-process with the CH4/H; ratio of 2.5 or 4.4 which
is not connected with the length of the tubes but with their quantity.
In fact, for these tests the length of the tubes decreases drastically
but the quantity of the tubes embryos increases (Table 3).

The reaction time and the volume ratio of CH4 and H, in the
mixture influence the length of the carbon nanotubes. For a CH4/H,
ratio of 1.5 the length of the tubes increases with the reaction time
and reaches 20 m in 240 min reaction compared to 500 nm for the
shorter tests. This indicates that the limiting step in the formation of
carbon nanotubes is related to the appearance of the tubes
embryos—nucleation, thus the formation of new tubes seems to
be slower than the incorporation of carbon in already existing ones.

The mechanism of growth which we are going to adopt to
explain the formation of carbon nanotubes under imposed
conditions is that of “root” or “bases-growth” [39]. However,
the increase of the CH4 concentration led to the appearance of a
small quantity of tubes which can be characterized by a growth
close to “bamboo” [40,41] under CH4 and H, (Fig. 10).

05
45 125 225 325
= -0,5
E
0
1]
£
5 -1,51
»
"]
o
2,5
3,5

temperature (°C)

Fig. 9. TGA analysis after series 2 ratio 2.5.
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Fig. 10. HR-TEM of LaNiOs treated at 900 °C with an enlargement of 39.000 in mode
SEI after series 2 ratio 2.5.

4. Conclusions

The obtained catalysts from the perovskite precursors are very
resistant in time on stream and at high temperatures CVD. The
changes of the temperature of the reduction do not influence the
average size of the formed particles, which remain always close to
13 nm. Neither the reaction temperature nor the different CH4/H>
ratio had impact on the nickel nanoparticles size which led to the
very similar carbonaceous deposit for all catalytic tests.

The modifications of the operating conditions applied to
perovskite structure—LaNiOs, namely, the reduction time under
H,, reaction time under CH4-H;, mixture, reduction temperature
and/or the reaction temperature as well as CH4/H, ratio did not
disturb significantly the quality of the carbon nanotubes. Their
principal characteristics remain intact. The distribution of nano-
tubes of this catalyst is always very homogeneous. The reaction
yield increases with increase of the reaction time without influence
on the quality of carbon nanotubes.
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